For more than a decade, a warming and grazing experiment has been carried out in the alpine area of the Faroe Islands. Ten Open Top Chambers (OTCs) were placed inside an enclosure with control plots both inside (CtrlE) and outside (CtrlO) the enclosure. The difference in vegetative growth of the two species Salix herbacea and Polygonum viviparum and graminoids were monitored as well as the frequencies of the four functional types: herbs, graminoids, woody species and bryophytes. It was found that warming generally increased leaf length by around 30% with similar or larger increases in photosynthetic leaf area. Grazing reduced leaf length by around 30% for graminoids and Polygonum viviparum, but only by around 10-20% for Salix herbacea. The changes in frequencies of functional types were most pronounced for bryophytes and woody species during the latter part of the experiment when both grazingexclusion and warming increased the frequencies of bryophytes and decreased the frequencies of woody species.
Introduction
In ecosystems where grazing is the prevailing land use factor, it is difficult to study the effects of climate change on biota, without considering the effects of grazing (Speed et al., 2012; Olofsson et al., 2009) . We know very little about how grazing and warming interact (Fuhlendorf et al., 2001; Olofsson et al., 2009 ) and the relative effect of these two factors on the vegetation is difficult to assess, because both occur in numerous spatial and temporal scales and are affecting the vegetation differently.
The change of the vegetation often lags behind in a warming climate while the effect of grazing is more immediate. Therefore, many studies only consider grazing as the major agent of changing vegetation (van der Wal, 2006; Olofsson, 2006) . Other studies consider changing climate as the major agent of change (Elmendorf et al., 2012; Oberbauer et al., 2013) . But as the effects of climate change have become more evident in the last two decades, many of the recent studies are dealing with both grazing and climate warming. (Fuhlendorf et al., 2001; Klein, 2005; Olofsson et al., 2009; Speed et al., 2012) .
In most cases, a warmer climate increases vegetative growth, and thereby results in larger photosynthetic area (Molau, 2000; Arft et al., 1999) . Heavy grazing, on the contrary, usually reduces the growth of plants and the aboveground biomass (e.g. Austrheim et al., 2008; Evju et al., 2009) , resulting in smaller plants and smaller leaves and thereby smaller photosynthetic area. With these opposing effects on the biomass, a simple conclusion could be that the net result is neutral. But this is not the case since the vegetation is responding differently to climate warming and grazing, depending on whether the focus is on species level, functional types or plant communities.
In alpine ecosystems, a warmer climate has been found to shift the distribution of trees and shrubs to a higher altitude e.g. Burga et al. (2001) and Walther et al. (2005) . In these circumstances, herbivory and climate change oppose each other as herbivory usually constrains the advance of these functional types and to some extent actually causes a downward shift of trees and shrubs to a lower altitude (Speed et al., 2012) . In long-term warming experiments in arctic and alpine areas, bryophyte abundance declined at moist sites (Hollister et al. 2005; Elmendorf et al., 2012) . In grazed areas, bryophyte abundance may decline, not so much from grazing, but rather from trampling (Virtanen, 2000) .
The Faroe Islands have been grazed for more than a thousand years, and the 71 historical record has shown, that the vegetation had undergone extreme changes (Jóhansen, 1985) . Hence, it is necessary to disentangle the effects of grazing from the effects of climate change. No studies have been made on the relative effect of grazing and warming in the area. But the few existing studies on the effect of climate on single species and vegetation zones show their vulnerability to changing climate Fosaa, 2010) . A relative short-term grazing experiment showed decreased biomass of the vegetation in both lowland and alpine areas in terms of decreased vegetation cover and lower vegetation height (Fosaa and Olsen, 2007) .
In this paper, results are reported from an experiment in a mountain area in the Faroe Islands including both experimental warming and the effect of grazing. OTCs (Open Top Chambers) were used to induce experimental climate warming, as they allow investigations on ecosystem change in relative controlled conditions. In addition, the effect of grazing was studied in a fenced area in order to excluded grazing animals from the area.
Based on this experiment, an evaluation is made of the relative contributions of experimental warming and grazing on 1) changes in the frequencies of the four functional types: herb, woody, graminoid and bryophytes, and 2) changes in plant performance in terms of changes of leaf length and biomass of Polygonum viviparum, Salix herbacea, and graminoids. This was done in a decade-long experiment.
The study, thus compares changes in three different types of plots: 1) warmed and non-grazed plots (OTC), 2) nongrazed plots (CtrlE), and 3) grazed plots (CtrlO). It was expected that both the OTC plots and CtrlE plots would show increased vegetative growth, and that the increase in vegetative growth would be greater in the OTC than the CtrlE plots. It was also expected that the biomasses and frequencies of the functional types respond differently in the two types of treatment and that the strength of the effect may differ. (Fosaa, 2004) . The whole area is grazed, mainly by sheep, about 45 ewes per km 2 (Thorsteinsson, 2001 ), in addition to hares and geese. The climate in the Faroe Islands is highly oceanic with annual mean precipitation around 1500 mm in the lowlands and with measurable precipitation on 75% of the days in the year (Cappelen and Laursen, 1998) . The mean annual temperature at the top of the mountain (726 m a.s.l.) is 1.7°C. The mean temperature for the coldest month (February) is -2.0°C and the mean temperature for the warmest month (August) is 6.5°C (Christensen and Mortensen, 2002) .
Material and methods

Study area
Sampling
In 2001, ten Open Top Chambers (OTC) (Molau and Møhlgaard 1996; Henry and Molau 1997 ) and ten control plots were placed inside an enclosure (CtrlE). The OTC´s are hexagonal polycarbonate chambers with a height of approximately 0.5 m and a diagonal diameter of slightly less than 1 m. These chambers are commonly used in experiments whose aim is to study the effect of climate change on plant species because they are generally considered to increase the temperature by 1-2 ºC (Molau and Mølgaard, 1996; Marion et al., 1997; Hollister and Webber, 2000) . The OTCs were in the field during the winter during the whole experiment, but from time to time, some of them were blown away and established again in the following spring. In 2008, an additional set of 10 plots were established close to the others but outside the enclosure so that they were open to grazing. These plots are labelled CtrlO.
Temperature was measured inside and outside the OTCs during the period from 2006-2008 and from 2011 to 2014 (Table  1 ). In the first period, the temperature was measured by "TinyTag" data loggers and in the second period by "GeoPrecision" loggers. The loggers collected hourly soil temperature data. Two to three sensors were within OTCs, while two sensors were outside OTCs and are considered as controls. In the first period, the sensors were located on the soil surface and in the second period, the sensors were located 10 cm below the soil surface. The vegetation was sampled in 2001 , 2008 and 2011 and in CtrlE (grazing exclosure) plots. In addition, the CtrlO (grazed) plots were sampled in 2008 and 2011. The size of the plots sampled is 0.25 m 2 . These were subdivided into 25 (0.01m 2 ) micro-plots. The presence/absence of each plant species was noted for each micro-plot, which yields a frequency value from 1-25 for each species for each plot.
In mid-summer 2005, 2008 and 2011, the leaf lengths were measured from three functional types: herb, woody and graminoid, represented by Polygonum viviparum, Salix herbacea and by leaves from the most common grasses (Festuca vivipara, Agrostis canina or Deschampsia flexuosa), respectively. Fifty leaves of each functional type were collected randomly from all three types of plots (OTC, CtrlE and CtrlO). In 2005 and 2011, the leaves were collected in late July and in 2008, in early August.
A biomass index was determined for Salix herbacea, Polygunum viviparum and graminoids, based on photos taken from each plot during the growing season 2011. This was done by estimating the percentage coverage in every micro-plot of the two species and the graminoids. A mean biomass index for each of the OTC, CtrlE and CtrlO was calculated by multiplying this value with the leaf length in 2011.
Data analysis
Monthly averaged temperature was calculated for each sensor as a mean of the summer months June, July and August. For this period, we calculated the average of the two OTC temperatures and the average of the two control temperatures. The difference between these two averages (ΔT) ought to represent the effect of the OTC on soil temperature.
The overall vegetation change was tested by grouping the vegetation into four functional types, which are: herbs (25 species), graminoids (6 species), woody (1 species), bryophytes (10 species). In order to assess statistically the response of the three types of treatment on the frequencies of the four functional types, a two way ANOVA model was used. The three different treatments (OTC, CtrlE and CtrlO) and the three years sampled (2001, 2008 and 2011) were used as categorical predictors (factors) and the frequencies of the four functional types as dependent variables.
The leaves that had been sampled for length analysis were measured with a measuring tape. In addition, 22 leaves of Polygonum viviparum and 22 leaves of Salix herbacea, sampled in 2005, were taped on a paper and scanned into the computer where the area of each leaf and its length were determined with the program: Able Image Analyzer (www.able.mulabs.com). If the shape of the plant is retained both width and length will increase in the same proportion, and one would expect the area to increase with the square of the length. A regression analysis was therefore used to establish the relation between the area and the length squared for each of these two species.
In order to assess statistically the canopy height of graminoid layer, herb layer and the dwarf shrub layer, a two way
ANOVA model was likewise used to test the changes in leaf length of graminoids, Polygonum viviparum and Salix herbacea, respectively, with the three different treatments (OTC, CtrlE and CtrlO) and the three years sampled (2005, 2008, 2011) as categorical predictors (factors) and the leaf length of the three species as dependent variables.
The differences in biomass of graminoids, Polygonum viviparum, Salix herbacea and in the three different treatment were tested with the student's t-test.
All statistical analyses were conducted using the STATISTICA Software Statistical Package for Windows (StatSoft Scandinavian AB).
Results
The soil surface temperature was higher than the belowground temperature. The daily temperature variation in summer had considerably higher range above compared to below (Fig. 1) ground, but the early morning temperatures were fairly similar. On average, the OTCs were warmer than the control plots by 0.2 o C to 1.1 o C above ground, whereas they were colder by 0.5 o C to 0.7 o C below (Table 1) .
For all the four functional types, we see inter-annual variations in average frequency, but there are also some more systematic temporal trends (Fig. 2 ). These were tested statistically by comparing frequencies in the beginning (2001) for OTC, CtrlE and CtrlO and end (2011) using the students t-test. For CtrlO, 2001 data from CtrlE were used.
The frequencies of herbs do not exhibit any systematic trends. The graminoids tend to increase through the period in all three kinds plots and these increases are significant (p<0.05). For the bryophytes, we see a strong increase in OTC, which is highly significant (p<0.0005) and a weaker increase in CtrlE (p<0.05), whereas there was a decrease in CtrlO (p<0.001). For the woody species, the only significant trend is a decreasing frequency in the OTC.
In the beginning of the experiment (2001/2008), there were no large differences in frequencies between the different kinds of plots (Fig. 2) , but by the end (2011), some of the functional type's exhibit differences, which were tested by a two way ANOVA (Table 2) . For the herbs, the tests revealed no significant differences between the different kinds of plots. Sim- ilarly, no significant difference was found in graminoids between CtrlE and CtrlO, but graminoids were more frequent in OTC than in both CtrlE and CtrlO (p<0.05). The woody species were somewhat less frequent in CtrlE than in CtrlO (p<0.05) and considerably less frequent in OTC than in both CtrlO (p<0.001) and CtrlE( p<0.001). The most pronounced differences between different kinds of plots are seen in the bryophytes which were more frequent in OTC compared with CtrlE (p<0.05) and much more frequent compared with CtrlO (p<10 -6 ). The 
ÁRINIÐ AV SEYÐABITI OG BROYTTUM VEÐURLAGI Á PLANTUVØKSTUR Í FJALLAØKJUM
bryophytes also had significantly higher frequency in CtrlE than in CtrlO (p<0.01). The leaf length measurements indicate inter-annual differences, many of which are statistically significant (t-test) and presumably indicate different growing conditions in different years (Fig. 3) . Leaf lengths were not measured when the experiment started in 2001, but we would expect them to be similar in all three kinds of plots initially. By the first measurements in 2005, there were already highly significant differences between leaf lengths in OTC and the two kinds of control plot for all three species (p<10 -4 in all cases from ttests). In 2011, we also found highly significant differences between CtrlE and CtrlO for all three species (p<0.001 in all cases from t-tests).
The measured leaf areas are seen to be closely related to leaf length squared (Fig.  4) with R 2 values indicating that the regression equations explained 71% of the variance for Polygonum viviparum and 66% for Salix herbacea. The regression lines did, however, have considerable offsets, especially for Salix herbacea. Using the regression equations, the area of a leaf may be calculated once the length is measured. From these calculated values, average leaf areas were found for each year and each kind of plot for the two species (Table  3) .
The biomass index for graminoids was twice as high in OTC as in CtrlE and more than three times as high as in CtrlO (Table  4) . For the woody species Salix herbacea, the relationship was almost the opposite with the lowest biomass index in OTC. For the herb Polygonum viviparum, there was no significant difference between OTC and CtrlE, but the biomass index for CtrlO was six times lower (Table 4) . 
Discussion
Temperature
The soil temperature for the six years measured showed positive temperature response aboveground and negative temperature response belowground in the OTC´s (Table 1) . The negative effect is in contrast to the response measured for most other sites where an increase of 2-4 °C was found (e.g. Marion et al. 1997 ) but a few sites also showed a negative belowground response (Shaver and Chapin, 1991; Marion et. al., 1997; Jónsdóttir et al., 2005) . The positive temperature response was also much lower than expected for the OTC (Marion et al. 1997 ).
The lower difference in air temperature and the negative soil temperature difference in the boxes are usually explained by reduction of solar radiation by the OTC boxes, in combination with the insulating effect of the thicker vegetation cover (Marion et al., 1997; Jónsdóttir et al., 2005) . In addition to this, the low number of sunshine hours and high cloudiness in the area could result in insufficient warming inside the OTC´s. Also, the humidity of the air inside the boxes may be affected and contribute to wetter and moister soil resulting in the negative difference in soil temperature. The OTC chambers may affect the vegetation in different ways, such as pro- viding a sheltering effect. Thus, the differences in vegetation need not necessarily be due to temperature only.
Frequencies and vegetative growth
Although the temperature difference between OTC and control plots did not show the high positive response as expected, a clear response was seen in frequencies of some groups (Fig. 2) , as well as in vegetative growth, both in leaf length, (Fig. 3 ) and leaf area (Table 3 ). The differences in leaf length imply differences in leaf area and one might expect the differences in area to be relatively much larger than the length differences. Due to the relatively high offsets (Fig. 4) in the regression lines, the area differences are, however, generally similar to the length differences.
Even though alpine plants are longlived and well adapted to the environment, they respond to inter-annual changes in climate (e.g. Callaghan et al., 1989; Molau, 1993) and relatively small changes in temperature increase vegetative growth. As plant species have different temperature optima and tolerances , they respond individually to a warmer climate (Chapin and Shaver, 1985; Henry and Molau, 1997; Arft et al., 1999; Hollister et al., 2005) . In some experiments it is seen that the leaf size increases (e.g. Henry and Molau, 1997; Molau, 2000) .
Herbs
Studies on Polygonum viviparum (Chapin and Shaver, 1985; Wookey, 1994; Totland, 1998) have shown that the density and performance were negatively correlated and concluded that the density of the species was more controlled by safe sites than temperature. In the present study, no significant changes in frequency of Polygonum viviparum were seen in the OTC plots indicating that warming did not control the frequency of this species within a ten year experiment. The significant increase in biomass and leaf length is, in contrast, controlled by warming. These differences could be due to shading by the taller graminoids and that individuals that gain more light grow bigger leaves. This does not necessarily indicate a steady state of this species and the herbs growth form over years.
Woody species
The only woody species found at the site is Salix herbacea. The frequencies of this species decreased significantly in OTC and CtrlE (Fig. 2) . This could indicate that 80 Salix herbacea is less grazed than the more palatable herbs and graminoids. In alpine areas of neighbouring countries, dwarf shrubs are found to decline due to sheep grazing, but depending on grazing intensity (Austrheim et al., 2008; Olofsson, 2006) . The grazing intensity of our study area is relatively heavy (Fosaa and Olsen 2007) , which e.g. is seen on the flowering intensity inside and outside the enclosure, but Salix herbacea is a small prostrate species and may escape the grazers. In the latest synthesis on experimental warming (Elmendorf et al., 2012) , the frequencies of dwarf shrubs are seen to decrease. Therefore, a possible explanation of the decrease of dwarf shrub frequency both in OTC and CtrlE could be competition from grasses.
Graminoids
In our study, the vegetative growth of graminoids increased both by warming and by the exclosure of grazing (Fig. 3) . The frequency was also slightly increased by warming (Fig. 2) , but was not significantly affected by grazing exclosure (Table  2) . Arft et al. (1999) and Hollister et al. (2005) reported an increase in frequency of graminoids in OTC plots. Elmendorf et al. (2012) in the assessment of experimental warming on tundra vegetation also found a positive effect on graminoids at dryer colder sites. As expected, grazing exclosure also increased the biomass index of graminoids (Table 4) , as heavy grazing often is found to reduce plant growth (e.g. Austrheim, 2008; Evju et al., 2009) , thus resulting in smaller plants. Thus, the combined effect of grazing exclosure and warming had twice as strong effect on the biomass index as grazing exclosure alone.
Bryophytes
The frequency of bryophytes increased significantly in OTC and CtrlE relative to CtrlO (Fig. 2) . This is consistent with other studies that have concluded that the frequency of bryophytes usually declines in grazed areas due to disturbance by trampling (Virtanen, 2000) . The increased biomass of graminoids in OTC and CtrlE relative to CtrlO may also have generated a more humid microclimate in the bottom of the taller vegetation and hence a more optimal environment for pleurocarpic bryophytes to grow and increase. This is in contrast to the grazed plots, where the vegetation is sparser and less humid.
Conclusions
The effects of both warming and grazing exclusion seem to have a relatively rapid effect on the vegetative growth of the four functional types and all three species studied ( Fig. 2 and Fig. 3 ). The effect on frequencies seems, however, more delayed with the most pronounced differences at the end of the experiment for those functional types (bryophytes and woody species) that have a clear response in line with Arft et al. (1999) . The result from this experiment is in line with the hypothesis in the introduction where it is expected that both grazing exclosure and experimental warming result in increased vegetative growth, and that the increase in vegetative growth would be greater in the warming experiment where the grazing also is excluded than in the exclosure.
Also in line with the hypothesis, the frequency and biomass of the functional types are responding differently as the woody species decline while the bryophytes increase from grazed through grazing exclosure to the OTC plots.
